We adopt an isotropic representation of the Fourier-transformed two-point correlation tensor of the magnetic field for estimating magnetic energy and helicity spectra as well as current helicity spectra of individual active regions and the change of their spectral indices with the solar cycle. The departure of the spectral index of current helicity from 5/3 is analyzed, and it is found that it is lower than that of magnetic energy. There is no obvious relationship between the change of the normalized magnetic helicity and the integral scale of the magnetic field for individual active regions. The evolution of the spectral index reflects the development and distribution of various scales of magnetic structures in active regions. It is found that around solar maximum the magnetic energy and helicity spectra are steeper.
INTRODUCTION
Many aspects of the continues regeneration of the large-scale magnetic field of the Sun can be explained by a helical turbulent dynamo, as originally suggested by Parker (1955) and Steenbeck et al. (1966) . Attempts of finding evidence for a helical magnetic field in the Sun go back to Seehafer (1990) , who found that a proxy of the current helicity of the Sun is predominantly negative in the northern hemisphere and predominantly positive and the southern. This has been confirmed in many subsequent studies (Pevtsov et al. 1994; Abramenko et al. 1997; Bao & Zhang 1998; Chae 2001; Hagino & Sakurai 2004; .
The magnetic field generation by a large-scale dynamo process is expected to have opposite signs at large and small length scales (Kleeorin & Ruzmaikin 1982; Zeldovich et al. 1983; Seehafer 1996; Ji 1999) . Such a field is called bi-helical. Observational evidence for a bi-helical field has been obtained by in situ measurements in the solar wind , but the sign of the helicities at large and small scale components turned out to have opposite signs to what is expected. This change of sign was confirmed in subsequent work by Warnecke et al. (2011 Warnecke et al. ( , 2012 .
The technique used to obtain the scale dependence of magnetic helicity from observations goes back to Matthaeus et al. (1982) , who made the assumption of isotropy to express the Fourier transform of the twopoint correlation tensor of the magnetic field in terms of magnetic energy and helicity spectra. Their approach made use of one-dimensional spectral obtained from time series of measurements of all three magnetic field components. The Taylor (1938) hypothesis was used to relate the two-point correlation function in time to one in space. In the work of Zhang et al. (2014) , again the assumption of isotropy was made, but a full two-dimensional array of magnetic field vectors was used, so no Taylor hypothesis was invoked. Zhang et al. (2014) applied this technique to the active region NOAA 11158 to determine magnetic energy and helicity spectra. They adopted an isotropic representation of the Fourier-transformed two-point correlation tensor of the magnetic field. The current helicity spectrum has been estimated from the magnetic helicity spectrum, again under the assumption of isotropy, and its modulus shows a k −5/3 spectrum at intermediate wavenumbers. A similar power law is also obtained for the magnetic energy spectrum.
The variation of magnetic energy and helicity spectra of active regions with the solar cycle is also an important aspect. The observational evidence of the changes of current helicity of active regions with the solar cycles has been studied (cf. Yang & Zhang 2012; Zhang & Yang 2013; Pipin & Pevtsov 2014) , but changes of their spectral properties with the solar cycle remain still an open question.
In the present paper, we consider the evolution of the spectrum of magnetic helicity and its relationship with the magnetic energy from photospheric vector magnetograms of solar active regions. We also present the statistical properties of the spectrum of magnetic energy and helicity of active regions with the solar cycle.
BASIC FORMALISM
As explained in Zhang et al. (2014) , we introduce the two-point correlation tensor, B i (x, t)B j (x + ξ, t) , and write its Fourier transform with respect to ξ as
x is the twodimensional Fourier transform of the ith component of the magnetic field B, and the asterisk denotes complex conjugation. Under isotropic conditions, the spectral correlation tensor Γ ij (k, t) takes the form (Zhang et al. 2014 )
where E M (k, t) and H M (k, t) are the magnetic energy and helicity spectra, respectively, hats denote the unit vector, and k = (k 2 x + k 2 y ) 1/2 is the two-dimensional wavenumber. Note that the expression for Γ ij (k, t) differs from that of Moffatt (1978) by a factor 2k, because in two dimensions the differential for the integration over shells in wavenumber space changes from 4πk 2 dk to 2πk dk.
As shown in Zhang et al. (2014) , E M (k, t) and
where the angle brackets with subscript φ k denote averaging over annuli in wavenumber space. The integral scale of the magnetic field is defined as
The realizability condition Moffatt 1969) can be rewritten in integrated form (e.g. Tevzadze et al. 2012) as
where E M (t) = ∞ E M (k, t) dk and H M (t) = ∞ H M (k, t) dk are magnetic energy and helicity, respectively. The integrated realizability condition allows us then to define the normalized (nondimensional) magnetic helicity,
which varies between −1 and 1 and is therefore sometimes also referred to as the relative helicity. It must not be confused with the gauge-invariant magnetic helicity of Berger & Field (1984) , which is sometimes also called relative magnetic helicity. Owing to the conservation of magnetic helicity (Woltjer 1958) , if the turbulence is left to decay, |r M | will tend to unity (Taylor 1986 ) after a time that depends on its initial value, as was demonstrated in simulations (Tevzadze et al. 2012 days. Here, J z = ∂B y /∂x − ∂B x /∂y is proportional to the vertical component of the current density. The superscript '(z)' on h (z) C indicates that only the vertical contribution to the current helicity density is available.
We now consider magnetic energy and helicity spectra for a field of view of 256 ′′ × 256 ′′ (i.e. 512 × 512 pixels). We average the resulting spectra from 600 vector magnetograms of NOAA 11158 during 12-16 February 2011; see Figure 2 . These are comparable with that of Zhang et al. (2014) , except that the fluctuations in the calculation of individual samples are now reduced by the averaging. This provides a basic estimation of the spectral distribution of magnetic energy and helicity in this active region. Figure 3 shows the evolution of mean helicity and energy in the photosphere of the active region NOAA 11158, obtained by integrating over all k. It is found that magnetic helicity and energy first increase and then continue to change as the active region develops. An intermediate decrease of magnetic helicity of the active region occurred on 2011 Feb. 14, while the magnetic energy did not decrease. This shows that the magnetic helicity in the active region does not have a monotonous relationship with the magnetic energy. This is also consistent with the trends found by Gao et al. (2012) for the current and kinetic helicities in the active region NOAA 11158 using vector magnetograms and subsurface velocity measurements.
According to the theory of hydromagnetic turbulence by Goldreich & Sridhar (1995) , the magnetic energy spectrum has a power law inertial range ∝ k −α , where the spectral index α is 5/3 (about 1.67). This was confirmed by Abramenko (2005) and Stenflo (2012) based on solar magnetic field observations.
We estimate the spectral indices α E of magnetic energy and α H of magnetic helicity within the wavenumber interval 1 Mm −1 < k < 6 Mm −1 . Figure 4 shows the evolution of α i for NOAA 11158. It is found that the minimum α E is 1.1, the maximum is 2.0, and the mean value is about 1.67 as the active region developed.
Under isotropic conditions, the current helicity spectrum H C (k, t) is related to the magnetic helicity spectrum via
In the following, we also determine the spectral indices α C of current helicity, and α kH of k|H M (k, t)|. Figure 4 shows the evolution of α C for the active region NOAA 11158. It is found that the minimum α C is 0.9, the maximum is 1.7, and the mean value is about 1.6 as the scale of active region changes. This implies that the value of α C of this active region is of the order of 5/3 and consistent with our previous study (Zhang et al. 2014) . Furthermore, the mean values of α E and α C of this active region at the solar surface are roughly consistent with a k −5/3 power law. We also consider the spectrum of magnetic helicity and the corresponding spectral index α H . The minimum value of α kH is 1.9, the maximum is 2.8, and the mean value is 2.65 as the active region developed.
The evolution of r M and l M in NOAA 11158 is shown in Figure 5 . The average value of r M is about 0.05, while that of l M is about 6 Mm in the developed stage of the active region. These values are consistent with those quoted by Zhang et al. (2014) . It is found that the normalized magnetic helicity r M shows a relatively complex relationship with the development of the active region and it shows a similar tendency with H M in Figure 3. 3.2. Active Region NOAA 11515 To study the evolution of magnetic energy and helicity spectra in solar active regions, we have also analyzed data from the solar active region NOAA 11515 during 30 June -6 July 2012 at approximately 18
• southern latitude, taken by the Helioseismic and Magnetic Imager (HMI) aboard the Solar Dynamics Observatory (SDO). The pixel resolution of magnetograms is about 0.5 ′′ , and the field of view is 250 ′′ × 150 ′′ . In our study, about 840 vector magnetograms have been used. Figure 6 shows photospheric vector magnetograms and the corresponding distribution of h (z) C = J z B z from the vector magnetograms of this active region on different days. It shows the spatial distribution of magnetic field and current helicity density of this active region at the solar surface.
For analyzing the basic properties of the spectra of magnetic energy and corresponding magnetic helicity in the active region, Figure 7 shows the averaged spectra inferred from about 840 vector magnetograms of active region NOAA 11515 during 30 June -6 July 2012. These are comparable with the result of Zhang et al. (2014) and the average spectrum of NAOO 11158 in Figure 2 . Comparing the two active regions NOAA 11158 and 11515, it is found that the spectra of magnetic energy and helicity are steeper in the latter case. Figure 8 shows the evolution of mean helicity and energy in the photosphere of NOAA 11515, again obtained by integrating over all k. Note first of all that H M (t) is negative, even though NOAA 11515 is located at a southern heliographic latitude. This is particularly surprising in view of the fact that |H M (t)| is rather larger: about ten times larger than for NOAA 11158. The magnetic energy is about 3-5 times larger than for NOAA 11158. Similarly to NOAA 11158, there is an intermediate phase (50-100 hours after emergence) when E M (t) still increases, but the increase of |H M (t)| is interrupted by a phase of varying magnetic helicity. Figure 9 shows the evolution of the mean spectral indices α E and α C for the wavenumber interval 1 Mm −1 < k < 6 Mm −1 for NOAA 11515. The minimum of α C is 1.2, the maximum is 2.7, and the mean value is about 2.0. The minimum of α E is 2.0, the maximum is 2.6, and the mean value is about 2.4. These values are larger than those of NOAA 11158 and exceed the expected 5/3 value.
The evolution of r M and l M is shown in Figure 10 . The average value of r M is about −0.26, while that of l M is about 8 Mm during the evolution of the active region. Thus, the strength of r M is about five times larger than for NOAA 11158. We can see that the values of the normalized magnetic helicity and the integral scale of the magnetic field decrease during the evolution of the active region -even though the area of the active region increases.
MAGNETIC HELICITY AND ENERGY SPECTRA OF ACTIVE REGIONS WITH SOLAR CYCLES
Long-term statistical analyses of vector magnetograms at Huairou Solar Observing Station have been obtained over recent years (Bao & Zhang 1998; Gao et al. 2008; , covering the epochs of cycles 22 and 23. These also provide an opportunity to analyze the evolution of the variation of the spectrum of magnetic fields of active regions and the relationship with the solar activity cycle, because the averaged effect of active regions is also important in the analysis of solar cycles. Figure 11 shows averaged spectra of kH M (dotted line), current helicity H c (solid line), and magnetic energy E M (dashed line) using 6629 Huairou vector magnetograms of solar active regions observed during 1988-2005. The method is similar to that for individual active regions above. Due to the relatively low spatial resolution, Figure 11 does not yield information at high wavenumbers. It is found that the shallow slope of the spectra of magnetic energy at high wavenumbers is mainly due to observational errors of the transverse components of the magnetic field. For more information about Huairou vector magnetograms we refer to the papers by Ai & Hu (1986) , Su & Zhang (2004a,b) , and Gao et al. (2008) .
We find similar magnetic helicity and energy spectra as for the individual active regions observed by HMI and the averaged one inferred from the active regions observed at Huairou Solar Observing Station. The variation of mean current helicity of active regions inferred from Huairou vector magnetograms with sunspot butterfly diagrams has been studied by . It shows the same tendency as the variation of helicity and energy spectra for the individual active regions observed by HMI and the averaged ones inferred from the active regions observed at the Huairou Solar Observing Station.
To analyze the evolution of the averaged magnetic helicity and energy spectra of solar active regions, we show in Figure 12 the latitudinal and temporal dependence of α C and α E with the solar cycle in the spectral range 0.2 Mm −1 < k < 0.6 Mm −1 . The slopes of the spectra do not change systematically with latitude when one averages the spectra of active regions for 1988-2005. The spectral indices are α kH ≈ 2.2, α C ≈ 1.1, and α E ≈ 1.4. Figure 12 shows the temporal variation of the slopes of the spectra of magnetic energy and helicity of active regions between 1988 and 2000. These slopes show significant correlation with sunspot number. High values occur during 1990-1992 and 2000-2003 , and low values during 1995. These are consistent with the periods of solar maximum and minimum, respectively. The correlation coefficient between the slopes of current helicity and sunspot numbers is 0.73 and that between magnetic energy and sunspot number is 0.83. Note also that the magnetic energy during solar solar maximum is high. Furthermore, the correlation coefficient between the slopes of current helicity and sunspot number increases from 0.73 to 0.83 if one takes the sunspot number delayed by one year. This is consistent with the observational result by that the maximum of mean current helicity of active regions tends to be delayed compared with that of sunspot number. A similar indication is that the complex magnetic configuration of active regions tends to occur in the decaying phase of solar cycle 23 (after 2002); see also Guo et al. (2010) . Figure 13 shows the temporal evolution of the integral scale l M of the magnetic field of solar active regions inferred from 6629 Huairou vector magnetograms during 1988-2005 . The correlation coefficient between the integral scale of the magnetic field, inferred from Equa- tion (5) and sunspot numbers, is 0.80. The average value of the integral scale of magnetic energy is about 8 Mm during solar maximum and 6 Mm during solar minimum for our calculated active regions. These dependencies are consistent with the finding that large-scale magnetic patterns of active regions tend to occur near solar maximum. Figure 13 shows that the averaged absolute values |r M | of the photospheric normalized magnetic helicity of active regions obtained from Equation (7) 
RESOLUTION DEPENDENCE
In this study, the HMI and Huairou vector magnetograms have been used to estimate the spectra of magnetic energy and helicity of solar active regions. In addition, temporal changes of the magnetic energy spectra of active regions and an evolution with the solar cycle have also been found. There is an uncertainty regarding the relationship between the observational resolution of the magnetic field and the spectral shape at large wavenumbers, because we use vector magnetograms of different spatial resolutions to analyze the evolution of the spectral distributions of magnetic energy at the different times. The lower spatial resolution of vector magnetograms of ground-based observations implies a source of error in the spectrum of the magnetic field at high wavenumbers.
To estimate the possible errors in the calculation of the magnetic spectrum due to the low spatial resolution of observational magnetic fields by the Huairou vector magnetograms, Figure 14 shows mean spectra of magnetic energy, as well as magnetic and current helicity, while Figure 15 shows the evolution of the spectral indices α C and α E for wavenumbers in the active region NOAA 11158, whose pixel size of the analyzed region of the HMI vector magnetograms have been downsampled from 512×512 to 128×128. The pixel resolution is 2 ′′ ×2 ′′ and it is then almost the same as that of the Huairou vector magnetograms. The same tendency is found for the magnetic energy spectra as in Figure 2 . The high noise in the time series of α C and α E in Figure 4 is now re- duced. The mean value of α E is about 1.82 and that of α C is about 1.34 for 0.4 Mm −1 < k < 2.0 Mm −1 , while the values obtained for the original resolution in Figure 4 are 1.62 and 1.51, respectively. This implies that the resolution of the observational vector magnetograms is still problematic in the diagnostics of the spectra of the magnetic field in the detail study. This may affect the analyzes of the changes of the spectral slopes with the solar cycle when using the Huairou vector magnetograms.
CONCLUSIONS
We have applied the technique of Zhang et al. (2014) to estimate magnetic energy and helicity spectra using vector magnetogram data at the solar surface. We have made use of the assumption that the spectral two-point correlation tensor of the magnetic field can be approximated by its isotropic representation. In this paper, we have analyzed the evolution of magnetic energy and helicity spectra in active regions and have also analyzed the changes with the solar cycle. Our major results are the following:
1. The values of α E and α C of solar active regions are of the order of 5/3, although α C is slightly lower than α E , i.e., the current helicity spectrum is slightly shallower than the magnetic energy spectrum. We have also found a systematic change of α E and α C with the development of active regions, which reflects their structural changes.
2. There is no the obvious relationship between the change of the photospheric normalized magnetic helicity r M and the integral scale of the magnetic field l M of individual active regions. This means that the increase of the mean scale of magnetic structures does not imply that the magnetic helicity in the active regions increases.
3. We have found that there is a correlation between the variation of the spectra of magnetic energy and helicity of solar active regions with solar cycles. This reflects that the characteristic scales and the intensity of the magnetic fields of active regions changes with the solar cycle.
4. Interestingly, even through α E and α C vary with the cycle and increase with larger field strength, they do not change latitude, even though the magnetic field strength does. The reason for this is not yet clear and further theoretical studies are warranted.
Values of α E and α C of the order of 5/3 are roughly compatible with a Kolmogorov-like forward cascade (Kolmogorov 1941; Obukhov 1941) , which is expected from the theory of nonhelical hydromagnetic turbulence when the magnetic field is moderately strong (Goldreich & Sridhar 1995) .
However, for decaying turbulence, Lee et al. (2010) found that the scaling depends on the field strength and takes on a shallower Iroshnikov-Kraichnan k −3/2 spectrum (Iroshnikov 1963; Kraichnan 1965) for weaker fields and a steeper k −2 weak-turbulence spectrum for stronger fields; see Brandenburg & Nordlund (2011) for the respective phenomenologies in the three cases. The steeper k −2 spectrum has recently also been found in decaying turbulence simulations where the flow is driven entirely by the magnetic field (Brandenburg et al. 2015) . It is thus tempting to associate the changes in the values of α E and α C with corresponding changes between different scaling laws.
